One of the problems associated with photopolymers as optical recording media is the thickness variation during the recording process. Different values of shrinkages or swelling are reported in the literature for photopolymers. Furthermore, these variations depend on the spatial frequencies of the gratings stored in the materials. Thickness variations can be measured using different methods: studying the deviation from the Bragg's angle for nonslanted gratings, using MicroXAM S/N 8038 interferometer, or by the thermomechanical analysis experiments. In a previous paper, we began the characterization of the properties of a polyvinyl alcohol/acrylamide based photopolymer at the lowest end of recorded spatial frequencies. In this work, we continue analyzing the thickness variations of these materials using a reflection interferometer. With this technique we are able to obtain the variations of the layers refractive index and, therefore, a direct estimation of the polymer refractive index.
Introduction
Analyzing the behavior of a photopolymer as an optic storage medium is a complicated task. Normally, these materials are used in holographic applications, where high values of spatial frequencies are recorded. In this range of frequencies many processes are involved in the hologram formation, such as species diffusion, nonlocal polymerization (due to the finite size of polymer chains), and shrinkage or swelling (volume changes) [1] [2] [3] [4] [5] [6] [7] [8] . In this sense, the variations in the estimation of the monomer diffusion affect significantly the values obtained for other material parameters, making it difficult to calculate them separately. In particular, it is interesting to analyze the material behavior at very low spatial frequencies, since at these frequencies monomer diffusion does not play an important role and even disappears at the zero spatial frequency limit. Moreover, there are practical applications where these materials are used to store very low spatial frequencies [9] [10] [11] , as in the case of diffractive optical elements recorded onto polyvinyl alcohol/acrylamide (PVA/AA) based photopolymers. This paper is the continuation of a previous work [12] , where some compositions of PVA/AA based photopolymer were studied at the zero frequency limit using a transmission interferometric setup. The phase shift between the exposed and nonexposed areas in the transmission interferometric case is due to two different effects: monomer polymerization in the exposed zones and thickness variations when polymerization occurs. Since we want to study these two effects separately, we can use a reflection interferometric setup to analyze the thickness variation during exposition at the zero spatial frequency limit. In this case, the thickness variations of the material (Δd) can be expressed as follows:
where ΔΦ is the phase shift (in radians) between the exposed and nonexposed zones along the whole round-trip forward reflected paths, and λ and α are the wavelength and the incident angle of the reading beam, respectively. Usually, shrinkages around 8% are reported in the literature for different polymer formulations [13, 14] . Shrinkage of 0.5% is defined as the upper limit for commercial viability of a recording medium [5, 15, 16] . Nevertheless, it is important to note there are other cases where relief profiles (and, so, higher shrinkage or swelling) are required, i.e., liquid crystal related applications [17] .
Once the thickness variation is evaluated, it is possible to calculate the refractive index difference between the exposed and nonexposed zones. If we know the volume fractions of each photopolymer component, we can estimate the polymer (polyacrylamide chains in this case) refractive index. This estimation is an important drawback to model the hologram formation in photopolymers [18] [19] [20] . In this sense, it is interesting to mention that the average polymer chain length (if the length of the chain is longer the polymer refractive index increases) depends on many factors, such as the layer humidity, the crosslinker used, and the recording intensity.
In order to analyze the refractive index variations, we have followed some previous studies [21, 22] where the authors assume that there is no change in the total volume. In our case, if we want to make this assumption, we have to consider the holes inside the material (some molecules of air and vacuum are dissolved into the photopolymer solution). As monomer chains start to grow, the photopolymer layer becomes more compact and air molecules escape out of the "solid" layer and shrinkage appears. In other words, when exposure finishes, we can consider that the material is divided in two different zones: the new "solid" layer (thinner than the initial one and so with a lower hole volume fraction) and a new zone composed only of holes. Then we can consider are the volume fractions of the monomer, the polymer, the holes, and the background (PVA, triethanolamine, and dye), respectively. While the collapse of holes will result in a reduction in the overall volume, the total volume fraction is, by definition, conserved. The total refractive index (n) can then be expressed using the Lorentz-Lorenz relation [21, 22] :
where n m , n p , n b , and n h are the refractive indices of monomer, polymer, background, and holes, respectively.
Thus, if we consider Eqs. (2) and (3) together:
The volume fraction is given by ϕ i ¼ x i ν i =Σx i ν i , where x i is the mole fraction and ν i is the molar volume of the ith component. To calculate the refractive index variation (n 1 ) as a function of the variations in the volume fraction of each component, we can calculate the following approximation, where we assume that n h ¼ 1 (i.e., in vacuum),
where n dark is the average refractive index of the material before exposure, n p is the polymer refractive index, n m is the monomer refractive index, n b is the binder refractive index, and ϕ 1 ðiÞ is the volume fraction variation of the ith component. The effect of hole generation and collapse described in [21] does not affect when we study the zero spatial frequency limit due to the uniformity in the exposition.
In the material used in this work, the different refractive indexes have the following values: n m ¼ 1:486, n b ¼ 1:474, and n dark ¼ 1:478. These values were obtained using the Lorentz-Lorenz equation and the method described in [21, 23] . The calculations are based on refractometer measurements using water solutions. To estimate two different polymer refractive indices,primeave used two different compositions: one without BMA (N,N′-methylenebisacrylamide) and the other with BMA as crosslinker (in this case the polymer refractive index will be higher than in the previous case [24] ).
Experimental
We have designed the experimental setup presented in Fig. 1 to measure the phase shift (due to the thickness variation in exposed zones) as a function of the exposure energy. The setup has two arms with an angular separation of 14:4°. One is used to expose the recording material, whereas the second arm is the interferometer used to measure, in real-time, the phase shift. The recording material is oriented with an angle of 7:6°with respect to the measuring beam. In the first arm, the exposure beam, provided by a solid-state Nd-YVO 4 Verdi laser with a wavelength of 532 nm (at this wavelength the dye presents the maximum absorption), is expanded and collimated using a spatial filter and a lens obtaining a beam with a radius of 1:5 cm. A wave plate and a neutral filter (attenuator) are added before the spatial filter to control the orientation and the intensity of the linearly polarized beam produced by the Nd-YVO 4 laser. A polarizer (P), with its transmission axis oriented along the vertical of the lab, is introduced to produce a beam with TE polarization incident onto the recording material. We adjust the laser power so that the exposure intensity that impinges on the layer is 0:4 mW=cm 2 (this is the value corrected from the Fresnel coefficient at the airphotopolymer interface with an angle of incidence of 14:4°for TE polarization). A half-opened diaphragm is used to leave an unexposed area in the photopolymer layer. Since the photopolymer does not present any absorption at 633 nm, we use a He-Ne laser to generate an interference pattern. This technique has been successfully applied in the phase-shift characterization of liquid crystal displays (LCDs) [25] . It shows good precision, and due to its quasi-common path architecture, is a robust setup, less sensitive to changing environmental conditions, and simpler to construct than Mach-Zehnder type interferometers. We use a grating with a spatial frequency of 4 lines=mm to generate a series of diffracted orders from the unexpanded He-Ne beam; we block all the orders except −1 and þ1. One of the two orders impinges on the exposed zone (illuminated by the Nd-YVO 4 laser) and the other one impinges on the nonexposed zone. The distance between the two orders is about 1 cm, enough to eliminate the influence of the monomer diffusion in the polymerization process. Once the two orders are reflected by the photopolymer, we place a lens to make them interfere. A microscope objective is used to amplify the interference pattern onto a CCD camera. This pattern is captured at specific exposure time intervals, then it is digitized and transferred to a personal computer.
Once the interference pattern has been stored, we can measure the shift with respect to the initial pattern obtained for the unexposed layer. To increase the accuracy in this calculation, we cross correlate the different interference patterns with the initial one. The cross correlation produces a clear peak [12] . The location of this peak for each correlated interference pattern with respect to the center of the image is equal to the shift in the fringe pattern. A full fringe shift is equal to a 2π radians variation in the phase shift. In this experiment, as we are using a reflection interferometer, the phase shift is directly related to the thickness variation of the material. Depending on the sense of movement of the fringes (indicated by the arrow in Fig. 1 ), we can deduce if the exposed zone is shrinking or swelling with respect to the nonexposed one. In the case of the photopolymer studied in this paper, we obtained that the exposed zone shrinks with respect to the nonexposed area.
Material preparation is the same that was presented in the previous work [12] . The PVA/AA formulations contain a dye (yellowish eosin), a cosensitizer, which is triethanolamine (TEA), one or two monomers (AA with BMA or without it) and a polymer as a binder (PVA). In this sense, using a direct method at the zero spatial frequency limit, we have analyzed the average polymer refractive index together with the shrinkage of the layer in two different cases: with and without BMA.
Results and Discussion
In this section, we analyze the thickness variation for two different compositions, with and without crosslinker, at the zero spatial frequency limit. We study layers with a thickness of 85 μm.
A. Layers without Crosslinker
First, we analyze layers without crosslinker. These layers are characterized by shorter polymer chains, less energetic sensitivity, higher values of inhibition period [26] [27] [28] , and lower values of diffraction efficiency when used in holography. As we have mentioned in Section 1, according to Eq. (1), from the values of phase shift between the exposed and nonexposed zones [ Fig. 2(a) ] calculated using a reflection interferometric setup, we can directly obtain the shrinkage of the layer during the exposition [ Fig. 2(b) ]. The shrinkage suffered by the sample during the first 300 seconds of exposition is around 2 μm (i.e., a 2.2% change). We remark that for holographic applications, due to the shrinkage, there exists a variation of the Bragg angle (i.e., when slanted gratings are stored). It is important to note that this shrinkage value exceeds the 0.5% defined as the upper limit for commercial viablility of a holographic recording medium [15, 16] . Nevertheless, these obtained photoinduced surface reliefs can be used to align liquid crystals [29, 30] .
Once we have calculated the shrinkage for the layers without crosslinker, we can use these data to analyze the material behavior in the transmission interferometric experiments we already discussed in [12] . In Fig. 3(a) , we present the phase shift obtained between the exposed and nonexposed zones for a transmission experiment using a layer of 85 μm. In this case, the phase variation is due to three different effects: the shrinkage, the polymerization of acrylamide, and the decreasing of the hole volume fraction in the new "solid" layer, since at the zero spatial frequency limit diffusion does not take place. Therefore, if we calculate the variation due to shrinkage from the reflection data, we can obtain separately the phase shift produced by the refractive index variation. The phase shift measured in the transmission case (ΔΦ t ) can be described as follows:
where dðtÞ is the new solid layer thickness, α 0 is the angle inside the material, and ΔΦ Shr is the phase shift due to the shrinkage and can be expresses as:
where Δd is the layer shrinkage. Afterwards, it is necessary to take into account the polymerization of acrylamide together with the variation of the hole volume fraction inside the new solid layer. In this sense, it is extremely important to evaluate this last effect if we want to obtain a realistic estimation of the index variation between the exposed and nonexposed zones. Indeed, due to the reduction in the hole volume fraction, the refractive index of the new solid layer increases hugely [ Fig. 3(b) ]. The variation of the refractive index of the solid layer represented in Fig. 3(b) has been calculated using the following equation:
This equation can be simplified for small incident angles (cos α 0 ¼ cos α ¼ 1). In the case for the whole layer, the refractive index variation (Δn w ) can be calculated as follows:
Along the polymerization process, the holes are expulsed out of the solid layer and, so, its denstiy increases. Once we have characterized the different layers, it is important to remark a large phase shift between the bright and dark zones. The saturation value of the refractive index modulation (around 5 × 10 −3 [12] ) is 30% higher than the typical values of refractive index modulation obtained in the holographic range (around 4 × 10
at an exposure intensity of 5 mW=cm 2 ), where the spatial frequencies are around 1000 lines=mm. Moreover, in the case of holographic high spatial frequencies, there is also an important contribution of the free monomer coming from the nonexposed zones (monomer diffusion plays an important role for high spatial frequencies), which contributes to increase the refractive index modulation.
In order to explain these results we can consider two different (and complementary) hypotheses: a. At low intensities (0:4 mW=cm 2 ) polymer chains are longer than at high intensities (5 mW=cm 2 ); therefore, the polymer refractive index increases [31] .
b. At very low spatial frequencies, in particular in the zero spatial frequency limit, nonlocal polymerization does not take place [20] ; therefore, polymer chains can become longer without invading the nonexposed zones and, so, the refractive index also increases.
B. Layers with Crosslinker
In this section we analyze the influence of BMA, acting as a crosslinker, on the material behavior. It is well-known that the crosslinkers are capable of increasing the refractive index modulation of polymers, their energetic sensitivity, and also the length of the polymer chains. Furthermore, it is interesting to study the influence of the crosslinker on the shrinkage of the layers. In Fig. 4(a) , we present results of the phase shift as a function of exposure time for the reflection experiment. It is interesting to note the high values obtained in this case. These values can be explained in terms of a higher compactness produced by the BMA. As we can see in Fig. 4(b) , now the shrinkage is 33% higher than in the case without crosslinker (3 μm).
In our previous work [12] , we have shown how the phase shift increases between the exposed and nonexposed zones when BMA is included in the material chemical composition. As we can see in Fig. 5(a) , in the case of a transmission interferometer, the phase shift can achieve values around 600°after 200 seconds of exposure time. Furthermore, if we study the phase shift of the new solid layer with the holes, we also obtain higher values for the refractive index [Figs. 5(b) and 5(c)].
C. Polymer Average Refractive Index Estimation
Since diffusion does not exist at the zero spatial frequency limit, and according to Eqs. (2)- (4), we can estimate the average polymer refractive index in the material. In order to calculate an approximation of this refractive index, we will assume that when exposition finishes, all the monomers have polymerized. In this sense, it is important to obtain a precise estimation of the initial volume fraction of the acrylamide present in the "dry" layer [32] . This volume fraction can be estimated if we measure the quantity of water evaporated during the drying process. In our case, 48 hours after the layer deposition, the initial monomer volume fraction reaches a value around 0.22. After 300 seconds of exposition, we can assume the final polymer volume fraction is similar to the initial monomer volume fraction (ϕ f ðpÞ ≈ ϕ i ðmÞ ). That is, we can obtain the polymer average refractive index using Eq. (4) as follows: According to Eq. (5), we can obtain the following approximate equation:
where n s is the layer refractive index (taking into account the presence of holes) after exposition. Saturation values for the layer refractive index are n s ≈ 1:489 and n s ≈ 1:484 for layers with and without crosslinker, respectively. Using these data we can obtain values for the polymer average refractive index of n p ≈ 1:537 and n p ≈ 1:514 for layers with and without crosslinker, respectively. It is important to mention that our estimations of the polymer average refractive index are based on experimental direct measurements, whereas in holographic applications previous determinations of many parameters are needed, that is, estimations of the polymer average refractive indexes in holography are always indirect.
In this sense, we must not forget that according to our hypothesis (see Section 3.A), the values obtained for the zero spatial frequency limit are always upper limits to the values for other spatial frequencies.
Conclusions
In this work, using direct measurements of the phase shift and the shrinkage of photopolymeric layers based on PVA/AA for two different compositions (with and without BMA as a crosslinker, respectively), we have estimated the polymer average refractive index at the zero spatial frequency limit.
The main advantage of this method is the absence of monomer diffusion effects in the experiments carried out. We have obtained values of the shrinkage around 2% (without crosslinker) and 3% (with crosslinker) in the layers analyzed. These values are promising so as to obtain relief structures for liquid crystal applications, but, on the other hand, are considerably high for holographic memories applications. Finally, it is important to note that at higher spatial frequencies, monomer diffusion from the dark zones to the bright ones, together with surface tension effects, can considerably affect the material volume changes. In particular, in the case of grating recorded, molecular migration reduces the shrinkage. This reduction increases with the spatial frequency and with the diffusion velocity. 
